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INtRoductIoN
The general characteristics of the mixing process in the processing of composite materials are set out in this paper. A special place among solid fillers is occupied by products of the grinding of waste and recycled thermosetting plastics and rubber compounds. It is shown that the efficient combination of components can intensify significantly the processes of subsequent processing. An analysis is made of the design features of existing two-rotor mixers. The design features of the rotors depend on their designation. The complexity of manufacture of solid, non-sectional, Z-shaped rotors with short and long spiral flanges and vanes is shown. This greatly complicates the process of their production and results in more costly technology for their manufacture and machining, thereby limiting the area of their application.
On the basis of the conducted analysis of existing designs of two-rotor mixers, a two-rotor mixer has been developed in which the Z-shaped rotors are sectional. In order to intensify the mixing process and to increase the quality of the mixture, the cross-section of the rotor flanges is in the form of a rhombus, with curved grooves along the small diagonal, and the connecting plate has the shape of a hexagon with equal opposing sharp angles, the apex of which is positioned in the plane of rotation of the rotor, and here the rotor has even transitions at points where its parts join. In order to simplify the manufacture of the mixer, the rotors can be taken apart at points where its parts join.
GeNeRal chaRacteRIStIcS oF the MIxING PRoceSS
In processes of the production and processing of composite materials, use is made of different types of component in different physical states. The physical states of the composite (solid phase, melt, or solution) and filler (solid components, liquids, or gases) determine the choice of equipment and the specific section in which they are combined. The physical state of the components by the start of the main technological operation -mixing -is determined not only by their state when charged into the equipment but also by the physical transformations that they undergo by this moment in time, depending on the ratio of the melting temperature of the polymer mass and the temperature of melting, boiling, or decomposition of the filler from the solid to the liquid state, or release of gaseous phase from solid or liquid phase. In processes of production of polymer foams, an important role is played by diffusion processes [1] . The ratio of the particle sizes of the filler and polymer, as with the initial ratio of the components, governed by the method of their mixing and the type of equipment in which it takes place, determines the initial conditions for calculating the processes of mixing and dispersion. An efficient combination of the components can intensify considerably the processes of subsequent processing.
Plasticheskie Massy, No. 3, 2012, pp. 51-55 The development of the design of a two-rotor mixer and a procedure for calculating its main parameters For solid fillers whose phase state does not change during processing, the size of the solid particles at entry into the main equipment is generally specified, because their dispersion during processing is practically impossible in view of the small magnitude of the stresses developing in the melt. A special place among solid fillers is occupied by products of the grinding of waste and recycled thermosetting plastics and rubber compounds.
When waste or recycled polymer raw material is used in processes of composite material production, the pattern of the initial distribution of the components is extremely complex. Here, the components can be waste of different types of polymer, different liquid and powder substances remaining in vessels used, and also purposefully introduced fillers [1] .
The quality indices of the finished mixture depend on the homogeneity of distribution of the other ingredients in the main component (rubber). Here, a multicomponent rubber mix can be regarded as two-component, considering that the mixing of each individual component to be distributed occurs in the entire remaining system, termed the main system. It is evident that only in the ideal case can the main purpose of mixing be achieved -obtaining in each volume microelement a component ratio equal to the initial ratio. In real mixing processes, this objective cannot be achieved at all, and the quality of mixing is assessed by the method of statistical analysis of samples taken from the general mass of the mixture [2] . The mixture can be considered to be homogeneous if the distribution of the concentration of the component in microvolumes of the mixture obeys a binomial law.
In view of the high viscosity of the main component, the mechanical mixing of rubber mixes is carried out chiefly on two-rotor mixers in a laminar regime at low Reynolds numbers. Mixing of the components by molecular diffusion is normally ignored because of the low rate of this process.
A physical model of the process of mixing of polymeric material can be based on an examination of the deformation processes accompanying the process of distribution of an ingredient in the main component under external forces.
Let us examine the process of deformation of a rubber mix in the working chamber of the two-rotor mixer depicted schematically in Figure 1 according to Basov et al. [2] . The rotors 2, rotating in opposite directions at different speeds N 1 and N 2 in a space bounded by the walls of the working chamber 4, by the upper gate 1, and by the lower gate 5, subject the rubber mix 3 to dispersive mixing. The field of shear strains developing in the material in the cross-section of the working chamber can be divided into three shear strain zones (I, II, and III). The greatest intensity of deformation is realised in spaces contained between the surface of the rotor flange and the chamber wall in sectors BEAO 1 and CMFDO 2 corresponding to the crescent-shaped strain zone I. Strain zone II contained in regions BO 1 G and GO 2 C is characterised by slightly lower values of deformation intensity. In zone II, the material is intensely compressed, and, exerting pressure on the roof of the upper gate 1, raises it intermittently. In zone III (GO 1 ADO 2 G), mixing of the two flows occurs, accompanied with denting and pressing of ingredients of the rubber mix into the rubber. The mix is then divided into two flows and again enters strain zone I.
Each of the oval rotors is made in the form of a discontinuous spiral according to Figure 2 , and in any cross-section the rotor flange comprises an ellipse narrowing in one direction [2] . The surface of each of the rotors is formed by two spiral vanes, one of which, the longer one, has a spiral helix angle α = 30°, and the other a spiral helix angle β = 45°. The twisting angle of the spiral surface is 90°. Such a complex configuration of the rotor surface is necessary for increasing the mixing effect by creating axial movement of the rubber mix. The positioning of the rotors in the working chamber is such that against the long flange of one rotor is placed the short flange of the other. On account of this, the rubber mix acquires a complex nature of movement, with a trajectory in the form of a "figure of eight", which creates the preconditions for intensive stirring of the rubber mix components. 
aNalySIS oF deSIGN FeatuReS oF exIStING two-RotoR MIxeRS
In two-rotor mixers, the stirrers comprise two rotors rotating in the mixing chamber. Two-rotor mixers are noted for a large variety of designs. They can be used for the preparation (with heating or cooling) of pastes, for the mixing of granular materials with small additions of liquid, and also for the plasticisation of composite polymeric materials.
The singularity of the designs of these mixers depends on their designation. The main design elements of tworotor mixers are the working chamber and the two rotors rotating in the chamber at different speeds in opposite directions and having different configurations according to the designation. Figure 3 shows the design of a two-rotor mixer with Z-shaped vanes and a tilting working chamber. Such mixers are designed for the preparation (with heating or cooling) of pastes [1] .
In recent years, wide use has been made of reversescrew two-rotor mixers. A distinguishing feature of this type of mixer is the presence of a reverse screw designed to intensify the mixing process, to mechanise the discharge of the finished mixture, and also, where necessary, to form profiled products from paste. These mixers can be used in the following production processes: the mixing of solid substances with liquids to produce homogeneous pastes and ointments; the mixing of powder masses with liquids to moisten powder particles; the heating or cooling of solid or stiff masses during intense stirring; the colouring of material; the production of adhesives [1] .
A reverse-screw two-rotor mixer is presented in Figure 4 . The mixer operates in the following way. Into the mixing chamber is charged the necessary quantity of granular component, the liquid components are poured in, and the vane and screw rotation drive is activated. The mixer vanes rotate in opposite directions at different speeds and stir the charged components. The vane is coiled in such a direction that the mass will normally move towards the centre of the trough. The screw transports the mass in the direction of the rear end wall of the chamber. The screw then releases the mass onto the high-speed vane. This leads to significant intensification of the mixing process. The finished mix, fed by the vanes, is discharged by the screw through a spinneret.
A brief analysis of the characteristic features of the above two-rotor mixer designs makes it possible to conclude that they are the main equipment for the preparation of pastes and the mixing of granular materials, and also for the plasticisation of composite polymeric materials.
However, the complexity of manufacturing solid, non-sectional Z-shaped rotors with short and long
In the next section, on the basis of the conducted analysis of existing two-rotor mixer designs, a two-rotor mixer of simplified design with Z-shaped rotors of sectional design made up of several parts will be presented.
the develoPMeNt oF a SIMPlIFIed twoRotoR MIxeR deSIGN
Improvement of the existing mixing processes with the aim of multiple increase in productivity and improvement in product quality should be based on the one hand on the solution of problems of the structural mechanics and physics of polymers and on the other hand on the creation of fundamentally new types of production plant. Progress in the field of the processing of plastics is possible on the basis of promising equipment using automation and computer technology. It must be underlined that reliable prediction is possible only on the basis of a profound knowledge of the main laws governing the indicated effects, with account take of their mutual influence.
Figure 3. A two-rotor mixer with Z-shaped vanes: 1 -motor; 2 -bed; 3 -coupling; 4 -chain gear; 5 -motor for hydraulic cylinder; 6 -gate; 7 -roof of the working chamber; 8 -Z-shaped rotor; 9-11 -connecting pipes; 12 -air vent; 13 -counterweight; 14 -working chamber; 15 -hydraulic cylinder

Figure 4. A reverse-screw two-rotor mixer: 1 -mixing chamber; 2 -reverse screw; 3 -vanes of reverse screw; 4 -spinneret; 5 -detachable walls
Other very important and significant problems in the processing of polymeric materials are the design and construction of preparative equipment and processing machinery, production equipment, and plastic products themselves.
In view of the large volume of manufacture of polymer products such as door frames, window frames, skirting, handrails, tubing, different types of framing, rods, and so on, it is necessary to improve the designs of mixers for the preparation of filled polymer composites for the extrusion process.
On the basis of careful analysis of existing designs of two-rotor mixers with Z-shaped rotors, we have developed a two-rotor mixer in which the Z-shaped rotors with short and long spiral flanges, for simplification of their manufacture, are sectional with the aim of intensifying the mixing process and improving mix quality. The crosssection of the rotor flanges is in the shape of a rhombus with curved grooves, and the connecting plate has the form of a hexagon with equal opposing sharp angles, the apex of which is positioned in the plane of rotation of the rotor, and here the rotor has smooth transitions at points where the parts of the rotor join.
In order to simplify the manufacture of the mixer, the rotor can be taken apart at points where the parts of the rotor meet [3] . Figure 5 depicts the general form of the two-rotor mixer, Figure 6 shows the unloading unit with the discharge gate, and Figure 7 presents the sectional rotor.
The two-rotor mixer contains a horizontal chamber 1 in the form of half-cylinders intersecting in the lower part, with a gate 2 in the middle part of the bottom. Inside the chamber, on the grooves 3 of the shafts 4 are placed Z-shaped rotors 5 with short spiral 6 and long spiral 7 flanges. The cross-section of the rotor flanges is in the form of a rhombus with curved grooves 8 across the small diagonal, formed by a cylindrical channel; on account of the sharp angle 9 of the rhombus, the rotor readily enters the initial mix, and, by means of the cylindrical channel in the flanges, the components being mixed are captured and spread, which makes it possible to intensify the mixing process. The connecting plate 10 has the form of a hexagon with equal opposing sharp angles 11, the apex of which is positioned in the plane of rotation of the rotor, which likewise enables the rotor to enter the mix with little resistance.
Each rotor is made with smooth transitions at points where its parts -flanges and connecting plate -meet. This design, combined with the shape of the chamber, makes it possible to reduce the formation of stagnant zones.
In order to simplify manufacture, the rotor can be taken apart at points where the flanges and plate meet.
The short 6 and long 7 flanges of the sectional rotor ( Figure 7 ) are threaded at one end 12 and are joined to the plate 10 in which there are threaded holes 13; the other ends of the flanges are welded to the protrusions 3 of the shafts 4.
The two-rotor mixer, via an elastic coupling, a planetary reduction gear, and gearwheels, is connected to a drive. The unloading unit contains a hydraulic cylinder and a hydraulic motor.
The mixer has a UPM-2 automatic controller, level gauges, contact thermocouples, a timer, and limit switches, and, as an air distributor, use was made of a 777-1 three-way valve with electrical control (not shown).
The chamber has a hinged roof 14 connected by levers to a pneumatic cylinder 15. The unloading unit (Figure 6 ) with the discharge gate 2 is fixed by screws 16 to the support of the gate 17, and by two brackets 18 is connected to the axle 19. On the plate 20 is placed a guide sleeve 21 in which is disposed a stop rod 22 which supports a roller 23 fitted in a yoke 24 on a pin 25. The chamber is contained in a housing for heating 26.
The mixer operates in the following way. Chamber 1 is heated by low-pressure steam until a specified temperature is reached. The chamber is then filled with the dosed components.
The rotors 5 are rotated in opposite directions by an ac motor via an elastic coupling, a planetary reduction gear, and gearwheels. The speeds of the rotors are different: front rotor 18 rpm, rear rotor 34 rpm. As a result of rotor rotation, dispersive mixing takes place in the chamber of the mixer, as a consequence of which there is a reduction in the particle size and an increase in the homogeneity of particle distribution. Here, the introduction of flanges 6 and 7 into the mix occurs with lower resistances on account of the sharp angle 9 of the rhombus, and, with the aid of the cylindrical channel of the flanges 6 and 7 (Figure 7) , the mix is captured and spread. All zones of the working part of the chamber are covered, and therefore the mixing process is intensified significantly.
The quality of the mix is determined by the laboratory method using physicochemical analysis. The mixing time is refined by assessing mix quality. After a specified mixing time, the VL-34 timer contacts in the relay amplifier circuit are connected up, which in turn activates an electromagnet, thereby opening air access to the pneumatic cylinder of the discharge gate, and it is opened.
The finished mix is poured through the aperture in the lower part of the mixer into a receiving vessel, during which time the motor is running, thereby accelerating the discharge of the mix.
When the mixer has been entirely emptied, the contact of the lower level is broken and the motor is switched on, the rotors stop, and simultaneously the amplifier comes into operation and turns on the hydraulic motor.
The hydraulic motor closes the discharge gate 2, the limit switch comes into operation, the pneumatic cylinder moves the stop rod 22, which raises the roller 23, clamping the discharge gate. Here, a signal is sent from the limit switch to open the roof 14 of the mixer.
In order to increase the service life and operational reliability of the two-rotor mixer, the angle of the rhombus of the rotor flanges and the sharp protrusion of the discharge gate are soldered on with a hard alloy.
A mixing study was conducted on the following components: 64.20% polyvinyl chloride, 0.20% diphenylolpropane, 32.20% dialkyl phthalate, 1.93% epoxidised oil, 0.40% barium stearate, 0.67% stabilising agent K201A, and 0.40% cadmium stearate. The total sample weight was 5 kg. The given components are ingredients of PVC composite formulations for agricultural film.
When a temperature of about 383 K had been reached in the working zone, the dosed powder components were charged: polyvinyl chloride, barium stearate, cadmium stearate, and diphenylolpropane, and then the liquid components -dialkyl phthalate, epoxidised oil, and stabilising agent K201A -were introduced.
The initial mixture was processed in a two-rotor mixer for 20-25 min, during which time swelling of the composite occurred. Physicochemical analysis of the quality assessment of mixing showed that, with a mixing time in the 20-25 min range, a high quality and homogeneity of the mix are achieved. The finished powder composite was charged into a receiving vessel. This filled polyvinyl chloride composite, developed by the present authors, is protected by a patent [4] and is widely used for the manufacture of tubes, profiles, constructional materials, facing boards, battens, hollow blocks and sheeting for sound and heat insulation, and other products.
The filled polyvinyl chloride composite obtained after mixing contains tanning dust as a filler (with the aim of recycling), and also heat stabilisers -barium and cadmium stearates, and on this basis a cheaper composite is obtained with reduced moisture absorption and increased yield point in elongation.
PRoceduRe FoR calculatING the MaIN PaRaMeteRS oF the two-RotoR MIxeR
The volume of the working chamber of the developed industrial variant of two-rotor mixer is designed for stirring a mix of 1.0 m 3 .
We will calculate the main parameters of the tworotor mixer. The force on the wall of the working mixing chamber is defined by the formula [2] :
where t w -the overall shear stress at the wall from forced flow and from barometric flow -is determined by a well-known procedure [3] , and S ch -the surface of the chamber in the gap, is equal to:
where j α is the angle of turning, R is the size of the mixing chamber; L 1 and L 2 are the lengths of the projections of the short and long flanges of the rotor onto its axle, Z is the number of pairs of vanes of the rotor, and e u = 0.75 is the utilisation factor of the working surface.
To determine the torque on the rotor shaft, the following expression can be used:
The power on the shaft is found from the relation:
The force F necessary to move the discharge gate is determined as the sum of frictional forces of the gate against the mix in the chamber and against the guides:
where f represents the coefficients of friction of the gate against the mix and against the guides, S is the area of the unloading aperture, p is the pressure of the mix on the gate, and G is the gravitational force of the moving parts of the gate.
coNcluSIoNS Thus, the two-rotor mixer developed makes it possible to shorten the mixing time by a factor of 2.5-3.0 (thereby increasing the productivity of the mixer), to increase the quality and homogeneity of the composite obtained, and to simplify rotor manufacture.
